We systematically investigate the magnetic and electronic properties of graphene adsorbed with diluted 3d-transition and noble metal atoms using first principles calculation methods. We find that most transition metal atoms (i.e. Sc, Ti, V, Mn, Fe) favor the hollow adsorption site, and the interaction between magnetic adatoms and π-orbital of graphene induces sizable exchange field and Rashba spin-orbit coupling, which together open a nontrivial bulk gap near the Dirac K/K ′ (Γ) points in the 4 × 4 (3 × 3) supercell of graphene leading to the quantum-anomalous Hall effect. We also find that the noble metal atoms (i.e. Cu, Ag, Au) prefer the top adsorption site, and the dominant inequality of the AB sublattice potential opens another kind of nontrivial bulk gap exhibiting the quantum-valley Hall effect in the 4 × 4 supercell of graphene.
After an initial rush 1 since its first experimental exfoliation 2 , graphene research has turned toward the application of graphene-based electronics 1, 3 . Graphene itself is a zero-gap semiconductor characterized by the linear Dirac-type dispersion, which is closely related to many amazing properties, e.g. high electron mobility and half-integer quantum Hall effect (per spin and valley). However, a band gap in graphene is highly desirable for designing semiconductor devices. So far, there are several proposals of engineering a band gap, such as by employing a staggered AB sublattice potential 4 , strain effect 5 , intrinsic spin-orbit coupling 6 in single layer graphene, or applying a perpendicular electric field in bilayer graphene 7 . Graphene is also considered as a promising candidate for spintronics, which generally require imbalanced spin up and down carrier populations. However, the pristine graphene is nonmagnetic, and one needs to employ external methods to magnetize it, e.g. by decorating hydrogen, sulfur or metal adatoms on graphene [8] [9] [10] , or substituting metal impurities for carbon atoms in graphene 11 . Alternatively, spin-orbit coupling is thought to be another source for manipulating spin degrees of freedom through electric means 12 . In graphene there are two kinds of spin-orbit couplings: intrinsic and extrinsic 6 . The former one has been shown to be unrealistically weak 13 . The latter one, which is also known as Rashba spin-orbit coupling, arises from the top-bottom layer symmetry breaking due to the presence of a substrate or strong perpendicular electric field, and is reported to be remarkably large in graphene placed on top of Ni(111) surface 14 . In this article, we present a systematic investigation on the magnetic and electronic properties of graphene adsorbed with 3d-transition and noble metal atoms including the spin-orbit coupling using first principles calculation methods. Our numerical results show that most transition metal atoms favor the hollow adsorption site, while the noble metal atoms prefer the top adsorption site. We find that both types of adsorption on graphene can give rise to bulk band gaps. Further Berry-phase effect analysis 15 demonstrates that the resulting bulk band gaps are nontrivial and their origins are completely distinct, i.e. one arises from the joint effect of exchange field and Rashba spin-orbit coupling leading to the quantumanomalous Hall effect in both 3 × 3 and 4 × 4 supercells of graphene, while the other one occurs only in the 4 × 4 supercell of graphene and originates from the inequality of the AB sublattice potential resulting in the quantumvalley Hall effect. Our findings should not only provide new schemes to engineer the bulk band gaps in graphene, but also show high possibility of realizing the long-sought quantum anomalous Hall effect and the dissipationless valleytronics.
II. COMPUTATIONAL METHODS
To simulate the diluted metal atoms adsorption on top of the graphene sheet, we adopt the structures of 3 × 3 and 4 × 4 supercells of graphene per metal adatom 16 . As illustrated in Fig. 1(a) and Fig. 2(a) , a supercell is composed of 2N 2 (N = 3, 4) carbon atoms and one metal atom. The single metal atom has three possible adsorption sites: hollow (H), top (T), and bridge (B). Fig. 1(b) and Fig. 2(b) plot the corresponding Brillouinzone of the 4 × 4 and 3 × 3 supercells comparing to that of the 1 × 1 supercell. One can notice that K 4 and K
′4
valley indices in the 4×4 supercells are well separated and thus good quantum numbers, but that in 3 × 3 are folded into the Γ 3 point and indistinguishable. For simplicity, we will omit all the superscripts of high symmetry points K 4 , K ′4 , Γ 3 and Γ 4 in the following. The first principles calculations are performed us-ing the projected-augmented-wave method 17 as implemented in the Vienna Ab-initio Simulation Package (VASP) 18 . The generalized gradient approximation (GGA) exchange-correlation functional 19 is mainly used except those specified by the local density approximation (LDA) in Table I . The kinetic energy cutoff is set to be 500 eV, and the experimental lattice constant of graphene a = 2.46Å is used. During the structure relaxation, all atoms are allowed to relax along the normal direction of graphene and all parameters are chosen to converge the forces to less than 0.01 eV/Å. The first Brillouin-zone integration is carried out by using the 12 × 12 × 1 and 6 × 6 × 1 Monkhorst-Pack grids for the 3 × 3 and 4 × 4 supercells, respectively. A vacuum buffer space of 15Å is set to prevent the interaction between adjacent slabs. Table I summarizes the stable adsorption sites, energetic and structural properties of the 3×3 and 4×4 supercells of graphene adsorbed with 12 kinds of 3d-transition and noble metal atoms. The stable adsorption site, distance d between adatom and graphene sheet, and the magnetization of adatoms µ ag are obtained by only considering the magnetization, while other quantities are calculated by further including the spin-orbit coupling. The adsorption energy is defined as: δE = E a + E g − E ag , where E a , E g and E ag are the energies of the isolated metal atom, the N × N supercell of graphene, and the adatom-N × N supercell of graphene, respectively. The charge transfer δQ is calculated based on the Bader charge analysis 21 . For clear demonstration of the resulting properties from adsorption, we divide the metal atoms into two groups:
III. ADSORPTION ANALYSIS
(a) For the 3d-transition metal adatoms, we observe that most of them except Cr favor the hollow adsorption site. (i) For Sc, Ti, V, Fe, Co, and Ni, the adsorption distances d are very short (less than 2Å), and the adsorption energy δE and the charge transfer are very large, which together indicate a strong hybridization; (ii) For Cr and Mn, the adsorption distance is slightly larger than 2Å, the adsorption energy is relatively weak but the charge transfer is still remarkably large, which corresponds to a moderately weak adsorption; (iii) For Zn, the large adsorption distance and extremely small adsorption energy and charge transfer signal an extremely weak hybridization. In the following, we show that the reconstruction of the electronic configurations of the adsorbed metal atoms is intimately dependent on the strength of adsorption on the graphene sheet.
In Table I , we notice that the magnetic moments of adatoms µ ag are greatly altered comparing to that of the isolated atoms. They are found to obey the following rules: (1) When the 3d-shell is less than half filled (i.e. Sc, Ti, V), the strong hybridization lowers the energy of the 3d-orbital. This makes the 4s electrons transfer to the unoccupied 3d-orbital. Since the resulting 3d-shell is not over half-filled, the Hund's rule dictates that all the 3d electrons possess the same spin-polarization leading to the increase of the magnetic moments µ ag of the adsorbed metal atom; (2) When the 3d-shell is exactly half-filled (i.e. Cr, Mn), the moderately weak adsorption hardly affects the 3d-orbital energy during the hybridization. Based on the Hund's rule, all 3d-electrons are equally spin-polarized showing a maximum magnetization. In the influence of the high magnetization from the 3d-shell, the 4s electrons tend to align with the spin of the 3d electrons, which slightly increases the magnetic moment; (3) When the 3d-shell is over half-filled (i.e. Fe, Co, Ni), the strong hybridization lowers the 3d-shell energy and the electron transfer from the 4s-orbital to the 3d-orbital decreases the magnetic moment due to the occupying of the unpaired 3d-orbital 9 . In particular, for Ni the two 4s electrons are transferred to 3d-orbital and form a closed 3d shell, giving rise to a vanishing magnetic moment; (4) For atoms with closed 3d and 4s shells (i.e. Zn), they behave like a inert atom leaving graphene nearly unaffected.
(b) For the noble metal adatoms (i.e. Cu, Ag, Au), we find that they are stable at the top adsorption site. Consistent with Ref. [9] , the long adsorption distance, low adsorption energy, and weak charge transfer originate from the physical adsorption involving the van de Waals forces. In Table I , we also provide the LDA results for Au and Ag adsorption. The major differences are that the adsorption distance d is dramatically decreased and the adsorption energy δE is largely increased. Because of the closed d shells, the single s valence electron contributes to the magnetic moment µ ag ∼ 1µ B .
Due to the magnetic proximity effect from the magnetic adatoms, graphene could be magnetized. In the absence of spin-orbit coupling, for the 4 × 4 supercell of graphene we estimate the induced exchange field 20 near the Dirac points (K and K ′ ) to be λ=145 (Sc), 277 (Ti), 199 (V), 359 (Cr), 181 (Mn), 57 (Fe), 462 (Co), 0 (Ni), 23 (Cu) in units of meV for the hollow-site adsorption; while for the 3 × 3 supercell of graphene, the induced exchange field near Γ point is calculated to be λ=213 (Sc), 432 (Mn), 1080 (Fe), 442 (Co), 0 (Ni) in units of meV for the hollow-site adsorption.
IV. BAND STRUCTURES AND BERRY CURVATURES ANALYSIS
A. Adsorption on 4 × 4 Supercell of Graphene
We classify the twelve kinds of atoms into three groups: (1) atoms (e.g. Sc, Mn, Fe) adsorbed at the hollow site, and graphene is magnetized; (2) atoms (e.g. Ni) adsorbed at the hollow site, but graphene is not magnetized; (3) atoms (e.g. Cu) adsorbed at the top site. Figure 3 plots the band structures of adatom-graphene for (a) Sc, (b) Mn, (c) Fe, (d) Cu, (e) Ni adsorbed at the hollow sites and (f) Cu adsorbed at the top site on the 4 × 4 supercell of graphene in the absence of spin degreeof-freedom. Panels (a 1 )-(f 1 ) exhibit the full bulk bands along the high symmetry lines, and panels (a 2 )-(f 2 ) zoom in the bands near the Dirac points K and K ′ . One can see that panels (a 2 )-(e 2 ) show clear linear Dirac dispersion at K and K ′ points, while in panel (f 2 ) a bulk band gap opens at K and K ′ points, which will be shown later to be a nontrivial gap exhibiting the quantum valley-Hall state.
As shown in Fig. 4 , when the magnetization is further included, one can find that the doubly-degenerate bands become spin-split (i.e. we use red and black to denote spin-up and spin-down bands) for the magnetic adatoms, i.e. Sc, Mn, Fe, Cu, Cu-top. For Ni-adsorption, due to the vanishing magnetic moment of Ni after the hybridization with graphene, the introduction of magnetization leaves the band structure unaffected. From panels (a 2 )-(d 2 ) of the magnetic adatom adsorbed on the hollow site of graphene, we observe that there are four crossing points arisen from the relative shift between spin-up and spin-down bands around either K or K ′ point. In panels (f 2 ) for the Cu adsorption on the top site of graphene, the magnetization induced spin-shift decreases the original bulk gap.
The above discussions have been more or less mentioned in some previous work 9 . However, the following part with spin-orbit coupling being considered is the first time to be addressed. And our main contribution of this work is to explore the possibility of engineering the topological states in graphene proposed in Ref. [22] through the adsorption of magnetic atoms on top of graphene. Figure 5 plots the band structures with both magnetization and spin-orbit coupling being tuned on in the calculation. Through comparing the band structures with and without spin-orbit coupling in Figs. 4 and 5, we see that sizable bulk band gaps open at K and K ′ Dirac points in panels (a 2 )-(d 2 ), where spin-up and spin-down bands are crossing due to the introduction of magnetization. The presence of such a bulk band gap signals an insulating state. However, we note that all the Fermi levels lie outside the bulk gaps except that in panel (c 2 ) for Fe-adsorption. Therefore, to realize these insulators one has to artificially adjust the Fermi levels to be inside the gap, e.g. by applying a gate voltage.
To further identify the nontrivial topological properties of the obtained insulators, we turn to the Berry phase analysis in the momentum space 15 . By constructing the Bloch wavefunctions ψ from the self-consistent potentials, the Berry curvature Ω(k) can be obtained using the following formula [23] [24] [25] :
where the summation is over all n valence bands below the bulk band gap, f n is the Fermi-Dirac distribution function, ω n ≡ E n /h, and v x(y) is the velocity operator. In Figs. 5 (a 2 )-(d 2 ) and (f 2 ), we also plot the Berry curvatures −Ω(k) in dotted curves along the high symmetry lines. One can observe that the non-zero Berry curvatures are mainly distributed around K and K ′ points. In particular, the Berry curvatures Ω in panels (a 2 )-(d 2 ) around K point share the same sign as that near K ′ point. The Chern number can be obtained by integrating the Berry curvatures Ω over the first Brillouin zone using Eq. (2). Our data show that C = +2 for the insulating state of Sc, Fe, Cu adsorption on graphene, while C = −2 for the insulating state of the Mn adsorption.
The non-vanishing Chern number C in the absence of magnetic field signifies a quantum anomalous Hall (QAH) effect. This was first theoretically proposed by Haldane in a Honeycomb toy model after the experimental observation of the integer quantum Hall effect in 1980s 26 , but yet observed in experiment. Until recently, it resurges with several other theoretical proposals 22, 27 . In the subsequent section, we analyze the mechanism of the formation of the QAH state in graphene. Figure 5 clearly shows that the group (1) adatoms (magnetic adatoms adsorbed on the hollow site) can open a non-trivial bulk band gap and achieve the QAH effect, but group (2) adatoms (nonmagnetic adatoms adsorbed on the hollow site) can not. Therefore, we conclude that the magnetization of graphene, which breaks the timereversal symmetry, is an essential ingredient of the resulting QAH effect. Alternatively, in Fig. 4 we find that no bulk band gap opens for the group (1) atom-adsorption when the spin-orbit coupling is switched off. This makes the spin-orbit coupling be the other key ingredient of the QAH effect.
As mentioned in the introduction, there are two types of spin-orbit coupling. One is intrinsic spin-orbit coupling, and the other one is Rashba spin-orbit coupling. From Table I , we notice that there is substantial charge transfer δQ from the 3d-orbital of metal adatoms to π-orbital of graphene. Due to the asymmetry of the adatom-4×4 supercell of graphene structure, a sizable potential gradient is formed at the interface, which induces a considerable Rashba spin-orbit coupling 14 . Therefore, based on the qualitative analysis one can determine that it is the Rashba type spin-orbit coupling that plays a crucial role in the formation of QAH effect.
Panel (d 2 ) for Cu-adsorption at the hollow site further supports that the spin-polarized electron transfer from 4s-orbital to graphene can also realize the QAH state. Thus we summarize that the realization of the QAH state is only dependent on the spin-polarized charge transfer, but independent of the details of the adsorption (i.e. strong or weak hybridization, charge transfer from the 4s or 3d orbital). Although the induced Rashba spin-orbit coupling and magnetization in graphene are non-uniformly distributed in the supercell structure, the gap opening mechanism near the Dirac points is exactly the same as that proposed in the tight-binding model with uniformly distributed Rashba spin-orbit coupling and magnetization 22 : first, the magnetization lifts the spin up and down bands, accompanying with the bands crossing; second, the Rashba spin-orbit coupling opens a bulk gap at the bands crossing points. In this sense, we have provided a more realistic method (i.e. doping 3d transition metal atoms on the hollow site of 4 × 4 supercell of graphene) to implement the theoretically predicted QAH state in graphene.
For the noble metal adatoms, because of the Van de Vaals force they favor the top adsorption site. Besides the Rashba spin-orbit coupling resulted from asymmetry and the exchange field from magnetic proximity, the major difference from the hollow-site adsorption is the extra introduction of the inequality of AB-sublattice potential, which breaks the spacial inversion symmetry. For example, we have considered the case with Cu adsorbed at the top site as shown in the panel (f 2 ). Through plotting the Berry curvature distribution, we observe that Ω around K point exhibits opposite sign as that near K ′ point. This strongly indicates a quantum valley-Hall (QVH) state [28] [29] [30] with canceling Chern numbers, i.e. C = 0, but C K = −C K ′ = 1. We can attribute this result to the dominating role of the AB sublattice inequality that suppresses the joint effect from Rashba spin-orbit coupling and exchange field. In Sec. IV A, we have studied the electronic structures of adatom-4 × 4 supercell of graphene, in which K and K ′ are valley separated, and we can capture rich physics arising from these Dirac points. As a special case, the adsorption on the 3 × 3 supercell of graphene has rarely been studied due to the mixing of K and K ′ valleys. In the following, we shall address such a question: whether the 3 × 3 supercell of graphene is still able to host the QAH state or not. Because in experiment, it is difficult to artificially dope the adatoms into some particular periodic pattern, i.e. 4 × 4 supercells. In contrast, the randomly diluted metal adatoms may form the unwilling 3 × 3 supercell to some degree. Therefore, it is a more practical issue to address the possibility of realizing the QAH state in the 3 × 3 supercell of graphene.
In this Subsection, we will only study the metal atom adsorption on the hollow site of the 3 × 3 supercell of graphene, because it is meaningless to search for the QVH state in the absence of a valid definition of valley degree of freedom. In the following discussion, we only show the electronic structures for several representative adatoms, i.e., Sc, Mn, Fe, Co, Ni, Cu. In the panels (a 1 )-(f 1 ) , we plot the full band structures along the high symmetry lines. From the band structures shown in the panels (a 2 )-(f 2 ), the zooming in of the circled bands in the left column, we observe that large band gaps can open at the Γ point due to the inter-valley scattering between K and K ′ , i.e. ∆ = 71.1, 190.6, 100.8, 37.7, 106.7, 119.4 in units of meV for the 3 × 3 supercell of graphene adsorbed with Sc, Mn, Fe, Cu, Ni, and Co, respectively. This is completely distinct from that of the adsorption on the 4 × 4 supercells of graphene, where the perfect Dirac-cone dispersion holds at both K and K ′ points. Note that in the calculations we have used the Hydrogen atom to saturate the dangling bond of Mn atom, because in the Mnadsorption the dangling d-band is properly located inside the resulting bulk gap. In the first column of Fig. 6 one can see that there are two clear bulk band gaps opening at the Γ points for Sc, Mn, Fe, and Cu adsorption. From the projected band analysis of Mn-adsorption as plotted in Fig. 7 , we show that the two bulk band gaps are essentially equivalent by constructing from the same orbital components of P z , d xz and d yz (or P z , d xy and
Similar to the adsorption on the 4 × 4 supercell of graphene, when the magnetization is included, the spin up (down) bands are upward (downward) shifted (see Fig. 8 ). This results in three possible results: (i) As plotted in panels (a 2 )-(c 2 ) and (f 2 ) for Sc, Mn, Fe, and Co adsorption, the induced magnetization is so large that the original bulk band gaps from the inter-valley scattering are closed due to the crossover between the spindown bands from the conduction bands and the spin-up bands from the valence bands. (ii) For panel (d 2 ) of Cuadsorption, the magnetization is moderately large (i.e. λ=0.035 eV) that the original bulk band gaps are just decreased but not closed. (iii) For the Ni-adsorption in panel (e 2 ) the band structure is exactly the same as that shown in Fig. 6 (e 2 ) because graphene is not magnetized from the Ni adsorption.
When the spin-orbit coupling is further switched on, we find that non-trivial band gaps can open at the crossing points between the spin-up and spin-down bands [see panels (a 2 )-(c 2 ) and (f 2 ) in Fig. 9 ], which shows similar origin as that in the adsorption on the 4 × 4 supercells in Fig. 1 . However, we find that only the bulk band gaps in panels (a 1 ) and (b 1 ) are globally opened for Sc (∆ = 2.5 meV) and Mn (∆ = 4.5 meV), while that for Fe and Co in panels (c 1 ) and (f 1 ) are just locally opened. Therefore in the following, we will only focus on the nontrivial topological properties for Sc and Mn adsorption. Through calculating the Berry curvatures Ω along the high symmetry lines for all the valence bands below the bulk gap, we find that all the Berry curvatures Ω share the same sign as shown in panels (a 2 ) and (b 2 ), resulting in the non-vanishing Chern number C. By integrating all the Berry curvatures below the band gaps, our calculation shows that C = +2/ − 2 for the Sc/Mn adsorption. This again signals a QAH insulating state for the energies inside the bulk gap. Since the Fermi energy is not located inside the band gap, one has to apply external gate voltage to adjust the Fermi level inside the band gap to realize the insulating state. We want to specify that though the global bulk band gaps are zero for Fe and Co adsorption, there exists the local band gaps, which can arise the QAH state when all the valence bands are occupied. This has been confirmed from the Chern number calculation by integrating the bands below the local band gaps. While for the other two adsorption of Cu and Ni shown in panels (d2)-(e2), we can see that the spin-orbit coupling further decreases the bulk gaps and there is not new topological state.
V. DISCUSSIONS
In this article, we have used the first principles calculation methods to investigate the spin-orbit coupling induced topological states in graphene. For the 3d-transition metal adsorption on graphene, we employed the GGA exchange-correlation functional in the simulation, while for the noble metal adsorption both GGA and LDA exchange-correlation functionals are adopted. The main contribution of this article is to demonstrate the possibility of engineering the topological states (i.e. QAH state or QVH state), and to analyze the origins of the two different topological states. For other kinds of exchange-correlation functionals, we expect that they can bring in some differences (e.g. the strength of the induced magnetization or Rashba spin-orbit coupling, and the size of nontrivial bulk gap), but they will not affect the essence of the topology of the nontrivial bulk gap according to our theoretical predictions of the QAH effect 22 and QVH effect 4 . However, it is still interesting to study the dependence on the exchange-correlation functionals in the future.
From the practical view of point, though we have verified the possibility of realizing the QAH state in graphene using the first principles calculation methods, it is still too ideal and difficult for the experimental physicists to dope the adatoms periodically. We suggest that a more realistic method to experimentally observe the QAH state should be placing graphene sheet on top of magnetic insulators or anti-ferromagnetic insulators (along the layered ferromagnetic phase).
VI. CONCLUSIONS
Using first principles calculation methods, we study the magnetic and electronic properties of graphene adsorbed with 12 metal atoms including the spin-orbit coupling. In our simulations, we have used two kinds of supercells of graphene (3 × 3, and 4 × 4) to model the diluted metal atom adsorption. For the 4 × 4 supercells of graphene adsorption, we show that the QAH effect can be realized when the nontrivial bulk band gaps open by doping the magnetic adatoms (i.e. Sc, Ti, V, Mn, Fe, Cu, Ag, and Au) at the hollow site of graphene, which originates from the joint effect of the Rashba spin-orbit coupling and magnetization 22 . We also find that when the noble metal atoms (i.e. Cu, Ag, and Au) are adsorbed at the top site, which correspond to their lowest energy states, the QVH effect can be arisen from the inversion symmetry breaking due to the inequality of the AB sublattice potential.
For the 3 × 3 supercells of graphene adsorbed with metal atoms on the top of hollow position, large trivial bulk band gaps can open at the Γ point due to the intervalley scattering without considering the spin degrees of freedom. As long as the magnetization of the adatoms (i.e. Sc, Mn, Fe, and Co) is large enough to close the original trivial band gap, the spin-orbit coupling is able to open nontrivial bulk band gaps around the Γ point to realize the QAH effect. This finding not only generalizes our finding of QAH effect in the 4×4 supercell to the 3×3 supercell of graphene, but also enhances the experimental feasibility of the QAH effect in graphene.
Our findings of the QAH and QVH states in the adatom-graphene systems not only provide new gap opening schemes for the industrial application, but also pave the way for the realization of the dissipationless charge/valley current in spintronics and valleytronics. † These authors contributed equally to this work; ‡ ygyao@bit.edu.cn; § On leave from the University of Texas at Austin. Figures   FIG. 1 Colors are used to distinguish the spin-up (black) and spin-down (red) bands. In the second column all the spin-up and spin-down bands are crossing due to the large magnetization except that for Cu and Ni adsorption. In panel (d2) for Cu-adsorption the magnetization is less than the original band gap amplitude, therefore the relative shift between the spin-up and spin-down bands does not cross to close the band gap. In panel (e2) for Ni-adsorption the band structure is exactly the same as that in Figure 6 (e) because of the vanishing magnetic moment of Ni-adatom. FIG. 9: (Color online) First column (a1-f1): full band structures of adatom-3 × 3 supercell of graphene for Sc, Mn, Fe, Cu, Ni, Co adsorbed on top of the hollow position by including both the magnetization and spin-orbit coupling along the high symmetry line. Second column (a2-f2): Zooming in of the circled bands around Γ point in panels (a1-f1). In panels (a2-c2) and (f2), nontrivial bulk band gap open at the crossing points. However, only bulk band gaps are globally opened in panels (a2-b2) for Sc, Mn adsorption, while the gaps in panels (c2) and (f2) are just locally opened. Therefore only the Sc/Mn adsorbed 3 × 3 graphene structure can exhibit the nontrivial insulating properties when the Fermi-level is artificially adjusted to the bulk band gaps. In addition, we also plot the total Berry curvatures Ω(k) in panels (a2-b2) for all the valence bands below the bulk band gaps. Tables   TABLE I: Energetic and structural properties of 12 metal atoms located at the lowest energy adsorption sites on the 3×3 and 4×4 supercells of graphene. The properties listed include the favored adsorption sites, adatom-graphene distance d (Å), adsorption energy δE (eV /atom), bulk band gap ∆ (meV ), charge transfer δQ (e) from adatom to graphene, and the magnetization of the adatoms µag (µB) on the 4 × 4 supercell of graphene. For comparison, the data inside the parentheses are for the hollow adsorption sites, which are not the lowest energy adsorption state. 0.0 * means that the global bulk band gap is zero, but the local bulk gap is finite around K/K ′ points for the 4 × 4 supercell or Γ points for the 3 × 3 supercell. 
